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Abstract—Phosphonamide-based inhibitors having trifluoromethyl moiety showed highly selective inhibition against MMP-1. A
possible mechanism of the selectivity of MMP-1 inhibitors through the switchover of the binding pocket was speculated by com-
putational calculations. As a consequence of the unexpected selectivity, the specific interaction of CF3 group of the inhibitor and
Arg214 in the S10 pocket of MMP-1 conducted a low binding energy. # 2002 Elsevier Science Ltd. All rights reserved.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent metalloproteinases that have been shown to
play a significant physiological role in extracellular
matrix remodeling.1 The implication of MMPs in a
number of pathological processes has been reported,
and, thus, they are considered to be important ther-
apeutic targets for the treatment of a wide array of dis-
ease processes such as rheumatoid arthritis, tumor
metastasis, multiple sclerosis, and congestive heart fail-
ure.2 It has been reported that side effects were observed
in the clinical studies of MMP inhibitors, because they
showed broad-spectrum inhibition.3 Therefore, specific
inhibitors of MMPs are considered to be attractive tar-
gets in drug discovery research. In general, the studies of
selective inhibitors for MMPs have focused on the
optimization of the S10 binding groups of the inhibitors,
because X-ray analyses of the enzyme–inhibitor com-
plex suggested that the S10 pocket is a selectivity pocket
for MMP inhibitors.4�6 However, such an optimization
strategy seems to be limited in elucidating the selectivity,
because of their structural homology. We describe
herein the first example of fluorine atom-induced highly

selective inhibitors for collagenase-1, a novel concept
for the design of selective inhibitors for MMPs.

Collagenase-1 (MMP-1) is known to cleave fibrillar
collagens, and has been implicated in the process of
arthritis.7 On the other hand, it has been thought that
the inhibition of MMP-1 may cause a side effect, such as
musculoskeletal syndrome.8 Therefore, a specific inhib-
itor for MMP-1 would be a very useful tool for investi-
gating the physiological role of MMP-1 in vivo.

Recently, we demonstrated that the phosphonamide
derivatives exhibited potent inhibition against MMPs.9

Only the (R)-isomer 1a at the phosphorus atom was
found to be a potent inhibitor of MMP-1, -3 and -9,
while the (S)-isomer 1b was inactive for all MMPs
(Table 1). This observation can be explained by the
binding mode of the inhibitor in the active site of the
MMPs. As shown in Figure 1a, the (R)-isomer could
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Figure 1. Expected binding mode of the phosphonamide inhibitors in
MMPs.
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bind to MMPs in the following fashion: the p-methoxy-
phenyl group attached to the phosphonamide would
bind to the S10 pocket of the MMPs, and one of the
oxygen atoms of the phosphonamide would H-bond
with the N–H of the mainchain of the MMPs. On the
other hand, the (S)-isomer could not bind to the MMPs,
because of the steric hindrance of the ester group
attached to the phosphonamide (Fig. 1b).

In the course of the study, we have found that the
introduction of fluorine atoms into the ester moiety of
the (S)-isomers led to highly potent and selective inhi-
bition against MMP-1. Therefore, we have investigated
the effects of fluorine atoms on the activity and selec-
tivity profile in more detail.

The synthesis of compounds 2–6 is shown in Scheme 1.
Commercially available p-methoxyphenylphosphonic
dichloride 7 was treated with the appropriate sodium
alkoxide to provide the diester 8, and then was selec-
tively hydrolyzed by potassium hydroxide to give the
corresponding monoester, which was converted to the
corresponding phosphonyl chloride 9 by refluxing with
thionyl chloride in the presence of catalytic DMF. The
phosphonyl chloride 9 was then coupled with the (3R)-
1,2,3,4-tetrahydroisoquinoline derivative 10 in THF in
the presence of diisopropylethylamine (DIEA), to yield
the (3R)-phosphonamide 11 as a mixture of diastereo-
mers (1:1). Deprotection of the benzyl group in 11 with
10% Pd/C gave the diastereomerically pure two hydrox-
amic acids, which were successfully separated by HPLC
purification.10 The compound 1b was crystallized and
analyzed by X-ray diffraction analysis,9b and the ste-
reochemistry at phosphorus atom of compound 1b was
determined to be S configuration. The stereochemistries
of the other compounds were assigned by a character-
istic signal pattern in 1H NMR, especially in an aro-
matic region.

Compounds 2–6 were evaluated for the inhibition of
MMP-1, -3 and -9 (Table 1).11 Whereas the (S)-isomer
of the ethyl ester derivative (1b) showed no inhibition in
the nanomolar range against MMPs, the (S)-isomers of
the fluorine-containing ester derivatives exhibited inhi-
bitory activity against MMP-1. An increase in the
number of fluorine atoms resulted in a dramatic

increase in the inhibitory activity for MMP-1, while lit-
tle or no inhibition of MMP-3 and -9 was observed. The
trifluoroethyl ester 4b showed excellent inhibitory activ-
ity and selectivity against MMP-1 (Ki: 35.6 nM, selec-
tivities for MMP-3 and -9: 17-fold and 10-fold,
respectively). The extension of the methylene chain
resulted in a further increase in the inhibitory activity
for MMP-1, and it was found that the trifluoropropyl
ester in 5b was the optimum substituent. The Ki value of
compound 5b against MMP-1 was 6.23 nM, and the
selectivities for MMP-3 and -9 were significantly
increased to >104-fold and 66-fold, respectively.

This unexpected appearance of the inhibitory activity of
the (S)-isomer could be explained by the switching of
the binding mode in MMP-1, as shown in Figure 2. This
new binding mode would bring the ester moiety in the
(S)-isomer into the S10 pocket, and therefore, the con-
flict of the ester moiety with the enzyme would be alle-
viated. To confirm this novel binding mode, we have
synthesized compounds 12–13. The introduction of long
alkoxy chains to the para-position of the phenyl ring,
such as the ethoxyethoxyphenyl group, is known to
eliminate the inhibitory activity against MMP-1,9

because of the small, closed shape of the S10 pocket of
MMP-1.4 If the trifluoroalkylated (S)-isomer binds as in
Figure 1b, then the (S)-isomers of the ethoxyethoxy-
phenyl derivatives could not inhibit MMP-1. Com-
pounds 12–13 were synthesized from diethyl 4-(2-
ethoxyethoxy)phenylphosphonate using a procedure to
that described above.12

As expected, compound 13b showed potent inhibitory
activity against MMP-1, while the activity for MMP-1
of the (R)-isomer 13a was completely lost (Table 2).
Compound 13b also showed a selective inhibition profile
(Ki:>650 and>800 nM for MMP-3 and -9, respectively).
As seen from Figure 2, the ethoxyethoxyphenyl group
of (S)-isomers would be directed toward the S20/S30 site
and have the potentiality to interact with these sites.
Therefore, the weak activity for MMP-1 observed with

Table 1. In vitro profile of the phosphonamide derivatives

Compd R Ki (nM)a

MMP-1 MMP-3 MMP-9

1a (R) CH2CH3 4.59 5.20 5.05
1b (S) CH2CH3 >850 >650 >800
2a (R) CH2CH2F 10.5 9.07 10.5
2b (S) CH2CH2F 686 >650 >800
3a (R) CH2CHF2 6.00 6.67 4.97
3b (S) CH2CHF2 125 >650 483
4a (R) CH2CF3 6.57 6.75 3.68
4b (S) CH2CF3 35.6 617 358
5a (R) CH2CH2CF3 2.21 3.33 4.46
5b (S) CH2CH2CF3 6.23 >650 411
6a (R) CH2CH2CH2CF3 10.5 29.4 5.53
6b (S) CH2CH2CH2CF3 13.2 >650 >800

aSee ref 9(a) for assay conditions.

Scheme 1. (a) ROH, NaH, THF; (b) KOH, then SOCI2, cat DMF; (c)
(3R)-N-benzyloxy-1,2,3,4-tetrahydroisoquinoline-3-hydroxamide (10),
diisopropylethamine, THF; (d) H2, Pd/C.

Figure 2. Proposed binding mode of (S)-inhibitors in MMP-1.
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compound 12b would be induced by such a new inter-
action.

To explain the observed selectivity, the complex model
of MMP-1 and compound 5b was constructed (Fig. 3).13

This model strongly suggested the possibility of an H-
bond interaction between the fluorine atom and Arg 214
at the bottom of the S10 pocket. One of the fluorine
atoms in the trifluoromethyl group was placed 2.8 Å
away from the terminal nitrogen atom of Arg 214. As
this Arg 214 is known to undergo a conformational
change to accommodate inhibitors with large sub-
stituents,4 MMP-1 could tolerate the chain length of the
ester group (4b, 5b, and 6b). It has been reported that
the specific interaction of a CF3 group and an Arg resi-
due could induce a conformational change within an
enzyme.14 On the other hand, the shape of the S10

pockets of MMP-315 and -916 is large and deep, which is
much different from that of MMP-1. Therefore, the
fluorine atom of the (S)-form inhibitors could not
interact as in MMP-1, and thus the change of the bind-
ing mode would be difficult to be induced. However, it
seems not only the H-bond interaction between the
fluorine atoms and Arg 214 but the hydrophobic inter-
action between the fluorinated ester and the hydro-
phobic S10 pocket slightly contributed to the binding
affinity. So the fluorinated compounds 3b, 4b and 5b
would show weak activity against MMP-9 without Arg
214 equivalent in the S10 pocket. However, a more
detailed study, such as an X-ray analysis of the enzyme–
inhibitor complexes, will be required to understand the
observed results. These studies are now in progress.

In summary, we have described the first example of a
highly selective MMP inhibitor by the fluorine atom-
induced switching of the binding mode. The (S)-form of
the 3,3,3-trifluoropropyl ester derivative (5b) showed
potent inhibitory activity against MMP-1 with a highly
selective profile. The different binding mode of this type
of compound is likely to enable the inhibition of MMP-
1. This study reveals the potential of the phosphon-
amide derivatives as a new type of MMP inhibitor, and
provides a novel concept for the design of selective
inhibitors.
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